We report on an adjustable process for chemical vapour deposition of thin films of pyrolytic carbon on inert substrates using an acetylene feedstock. Through modification of the reaction parameters control over film thickness and roughness is attained. These conducting films can be deposited in a conformal fashion, with thicknesses as low as 5 nm and a surface roughness of less than 1 nm. The highly reliable, cost effective and scalable synthesis may have a range of applications in information and communications technology and other areas. Raman and X-ray photoelectron spectroscopies, as well as high resolution transmission electron microscopy are used to investigate the composition and crystallinity of these films. The suitability of these films as electrodes in transparent conductors is assessed through a combination of absorbance and sheet resistance measurements. The films have a resistivity of ~ 2 × 10 -5 m but absorb strongly in the visible range. The electrochemical properties of the films are investigated and are seen to undergo a marked improvement following exposure to O 2 or N 2 plasmas, making them of interest as electrochemical electrodes.
Introduction
Nanocarbon materials, including carbon nanotubes (CNTs) and graphene display favourable electrical and chemical properties and have garnered much attention from the research community. In particular, many researchers have attempted to exploit the high conductivity of CNTs and graphene for transparent electrodes for display [1, 2] , energy [3] and sensing [4] applications. The high conductivities of thin films of these materials make them promising candidates for replacing the increasingly scarce indium tin oxide (ITO) as the industry standard material in transparent electrodes. Further, carbon based materials have long been used as electrochemical electrodes for sensing and energy applications. Such materials possess large potential windows and high electrochemical stability. However, purpose synthesised graphite electrodes (edge cut HOPG) are high in cost and difficult to process.
Whilst the properties of CNTs are highly impressive, CNT devices currently suffer from relatively inefficient processing and contacting processes. A similar argument holds true for graphene, where the best performing materials are still produced by mechanical exfoliation, despite the recent advances in scalability and throughput afforded by SiC decomposition [5] , liquid phase exfoliation [6] [7] [8] and growth by chemical vapour deposition (CVD) on metal substrates [9] [10] [11] .
With many unanswered questions pertaining to the manufacturability of CNTs and graphene, little attention has been given to thin films of pyrolytic carbon (PyC) for applications in information and communications technology (ICT) and electrochemistry. PyC is a disordered nanocrystalline graphitic material which can be formed through gas phase dehydrogenation (or pyrolysis) of hydrocarbons and subsequent deposition on surfaces. PyC belongs to the family of turbostratic carbons due to slipped or randomly oriented basal planes of crystallites.
The lack of need for a catalyst and reaction-limited gas phase deposition allow for conformal coatings on a variety of substrates. Infiltration of porous materials and fibres is also possible.
PyC exhibits good thermal and electrical conductivity as well as high durability and chemical and wear resistance. The thermal and mechanical properties have led to usage as a coating for individual pebbles in pebble bed reactors [12] and rocket nozzles [13] as well as electronic thermal management applications including heat spreaders [14] . PyC is biocompatible and thromboresistant and has been investigated as a coating for heart valves and other forms of prosthesis [15, 16] . Chemical vapour infiltration (CVI) has been used with CNFs to form assorted carbon felt materials [17] [18] [19] . It has also been used to coat optical fibres making them more resistant to harsh environmental conditions [20] . Conformal deposition into pores and trenches also allows for the usage of PyC as a liner for trench capacitors in dynamic random-access memory (DRAM) devices [21] . PyC can be readily patterned making it suitable for other microelectronics components including vertical interconnects (VIAS) and wires [22] , gate electrodes [23] and electrodes in metal-silicon-insulator (MSI) capacitors [24] .
The ease of processing and favourable properties mark PyC as a promising candidate for novel approaches to device fabrication [25] .
The pyrolysis of hydrocarbons is a complex process with a large number of different reaction pathways. The chemistry and kinetics of PyC formation from different hydrocarbons has been extensively investigated by a number of groups. The Tesner group investigated the formation of PyC from different precursors. In the case of acetylene they established that at temperatures below 1000 o C the rate of formation of pyrolytic carbon was proportional to the acetylene concentration with a well-defined rate constant [26] . At higher temperatures contributions from the products of decomposition of acetylene made kinetic measurements more complicated. The Huttinger group also performed detailed studies on the pyrolysis of different hydrocarbons [27] [28] [29] [30] [31] . In the case of acetylene [27] , it was shown to be very reactive in PyC deposition and that ethylene, benzene and methane were all formed upon pyrolysis but at low partial pressures, thus suggesting direct deposition from C 2 H 2 . Higher deposition rates were observed with longer reaction times indicating the formation of consecutive products with higher reactivity after a short period of time (0.11 -0.33 s) at a temperature of 1000 o C. In recent years the Marquaire group have researched the deposition of PyC from propane. Over the course of this the gas phase species involved were identified and kinetic models proposed [32, 33] . Furthermore, the influence of reactor geometry, deposition temperature and residence time on the deposition rate of PyC was detailed [34, 35] . This paper reports on the production of thin films of PyC on assorted inert substrates by CVD. The effect of varying growth parameters was investigated in order to achieve fine control over the thickness, conformality, sheet resistance and roughness of the films grown.
The electrical properties of the films grown are compared with state of the art thin films and their use in high-tech applications including transparent conductors and electrochemical electrodes is assessed.
The films produced were extensively characterised using various forms of spectroscopy and microscopy giving information on the composition and crystallinity of the films. Atomic force microscopy (AFM) was used to probe the surface of films grown, demonstrating their smooth nature. High-resolution transmission electron microscopy (HRTEM) analysis was used to image crystalline domains complimenting the Raman analysis.
Experimental Setup

Sample Preparation
PyC films were grown in a Gero quartz tube furnace (700 x 90 mm) using acetylene (C 2 H 2 , BOC, minimum 98.5% purity) as the hydrocarbon feedstock at a flow rate of 180 sccm.
Temperatures in the range 850 -1100 o C were employed with pressures in the range 5 -20 Torr. The reaction chamber was evacuated to a pressure of < 5 mTorr before the introduction of acetylene. SiO 2 (300 nm) films on Si <100> were used as the primary growth substrates. Wafers (Si-Mat) were diced into substrates ~ 1 cm 2 in area. No additional cleaning steps were used. Fused quartz substrates were used for transmittance measurements.
Thickness and Morphology Characterisation
Film thicknesses were measured by stylus profilometry (Dektak 6M, Veeco Instruments). A surgical blade was used to gently scratch the films, exposing the underlying SiO 2 without damaging it and the thickness was then measured in at least five regions per sample.
A Digital Instruments multimode scanning probe microscope with a Nanoscope IIIa controller was used for AFM analysis. This was operated in tapping mode to probe the surface roughness and morphology of PyC films. The probes used were fabricated from Si and consisted of a cantilever 125 m in length with a resonant frequency of 320 kHz. The tip had a height of 10 m and a radius < 8 nm. Processing software allowed for the calculation of the average (Ra) and the root mean square (Rq) roughness of films.
Electron Microscopy
Scanning electron microscopy (SEM) analysis was carried out using a Zeiss Ultra Plus FE SEM. Cross sectional images were attained by tilting the sample stage to 45 o and imaging from the side of films. An accelerating voltage of 2 kV was used with an in-lens detection system.
HRTEM studies were performed on cross sections of PyC on SiO 2 prepared in a Zeiss Auriga
Focused Ion Beam (FIB) with a Cobra ion column. A reactive gas injection system was used for reactive ion etching and deposition of a Pt capping layer. These cross sections were imaged at 300 kV using an FEI Titan 80-300 (S)TEM equipped with an S-TWIN objective lens and a high brightness (X-FEG) Schottky field emission gun with monochromator.
Spectroscopic Analysis
Raman spectra were taken with a Jobin Yvon Labram HR with an excitation wavelength of 632.8 nm. This had maximum power of 12 mW and was used with a diffraction grating with 600 lines/mm. A 100x long working distance objective lens was used giving a spatial resolution of 3 -5 m. Typically 5 spectra were taken for each sample to ensure uniformity.
XPS analysis was performed using an Omicron ESCA system with an EA 125 Analyser and XM1000MK II monochromatic X-ray source. The Al K X-ray source gave a 2 mm X-ray spot. The analyser was operated with a pass energy (Ep) of 50 eV for wide scans and 20 eV for fine scans leading to an instrumental resolution of ~1.25 eV wide scans and 0.65 eV for fine scans.
Resistance and Transmittance Measurements
The sheet resistance of PyC films was measured using a four point probe head (Jandel)
connected to a Keithley 2400 sourcemeter. The sheet resistance Rs is given by the formula;
where CF is a correction factor which depends on the dimensions of the sample being probed and the inter-probe spacing. For samples with thicknesses much less than the spacing between probes and lateral dimensions much larger than the spacing between probes a correction factor of ( /ln2) is suitable [36] .
Absorbance measurements were carried out on PyC films grown on fused quartz substrates using a Cary Varian 6000i UV-Vis-NIR spectrometer. This gave information on the portion of light absorbed in the range 200 -1800 nm. The portion of light transmitted at 550 nm was taken as the transmittance in the visible range.
Plasma Treatment and Electrochemical Analysis
Plasma treatments were performed using a R 3 T TWR-2000T microwave radical generator.
Experimental conditions involved an output power of 1 kW, gas flow rates of 20 sccm, exposure times of 10 minutes and a pressure of 0.2 Torr.
Electrochemical analysis was performed using a Gamry Ref 600 potentiostat with a 3 electrode configuration. Platinum wire and Ag/AgCl were used as counter and reference electrodes respectively. PyC films were mounted into a custom built holder whereby a nitrile O ring defined the region of the electrode exposed to the electrolyte (radius = 1.5 mm, as described elsewhere [37] ).
Results and Discussion
CVD Growth
PyC films were grown on SiO 2 on Si <100> substrates (typically 1 cm 
Surface Analysis
AFM analysis was used to probe the surface roughness and morphology of PyC films grown.
AFM images were taken for different deposition times for T = 950
o C and P = 20 Torr, the image acquired for a deposition time of 10 minutes is shown in Figure 3 (a). A line section giving a surface profile is shown in Figure 3 (b), this shows a series of peaks and troughs, but the magnitude of these is such that the average surface roughness is calculated to be < 1 nm, implying very smooth films. A plot of average surface roughness as a function of deposition time is shown in Figure 3 (b). Under these growth conditions the film roughness does not increase with increasing film thickness and is always less than 1 nm. This is significantly smoother than conducting films produced from CNTs which typically have a roughness greater than 10 nm. It is well established that the nanotexture of PyC is dependent on the processing conditions used [38] . In this case, for higher growth temperatures and thus higher deposition rates the surface roughness is seen to increase and at very high temperatures (1050 o C and higher) globular structures with heights > 50 nm are seen to form (see supplementary information, S1). This observation is consistent with selected area electron diffraction (SAED) measurements performed by Meadows et al. who showed an increase in the isotropy of PyC with increasing deposition temperature [39] . The increased roughness can be attributed to the rapid nucleation of crystals (which occurs at higher temperatures). Thus, for smooth films, which are preferable for coatings, lower deposition temperatures are required. This smoothness is important for reliability, processability and interfacing of such films.
Electron Microscopy
Electron microscopy allowed for both short and long range investigation of the PyC/SiO 2 interface and also gave information on the crystallinity of the PyC grown. A low magnification image of the interface between a PyC film and its substrate is shown in Figure   4 (a). This image outlines uniform coverage over a large area. A higher magnification SEM image of such a uniform coating is shown in Figure 4 (b).
An HRTEM image of the cross sectional interface between PyC and the SiO 2 substrate is shown in Figure 4 (c). From this a laminar like deposition is observed. Further information is garnered from a higher magnification image as shown in Figure 4 (d). This allows for the crystallites to be directly viewed and suggests that domains are ~2 nm in size. It appears that there is preferential stretching of crystallites perpendicular to the <001> direction. A fast Fourier transform (FFT) of the HRTEM image in this region was produced and an orientation angle of 46 o was observed implying that the PyC is highly textured [40] .
Spectroscopic Characterisation
The composition and crystallinity of PyC films was investigated using a combination of Raman spectroscopy and XPS. Raman spectroscopy is a powerful tool for investigating different allotropes of carbon and has traditionally been used for characterisation of graphite [41] , diamond [42] and amorphous carbon materials [43] as well as CNTs [44, 45] and graphene [46] in recent years. The main features in the spectra of graphitic materials are D, G
and 2D bands at ~1330 cm -1 , ~1580 cm -1 and ~2700 cm -1 respectively. The G band stems from in plane vibrations and has E 2g symmetry; this is observed in all sp 2 carbon systems. In graphite the G band can be fitted with a single Lorentzian peak and can be assigned to an inplane tangential optical phonon. The D band stems from a double resonance process involving a phonon and a defect and can be considered as a breathing mode of A 1g symmetry.
Structural defects (such as edges, vacancies or dopants) are generally the cause of the D band and as such its relative intensity can be related to the average crystallite size [41] . The 2D
band is an overtone of the D band. Like the D band it stems from a double resonance process [47] . However, it does not require a defect for activation and instead involves scattering from a second phonon and so its intensity can be related to spatial uniformity in the graphitic plane or the uniformity of interlayer spacing.
Comparative spectra of PyC and graphite powder (Sigma Aldrich) are shown in Figure 5 (a).
The PyC film has a large D band contribution and broadened D and G bands when compared with the graphite powder, which is indicative of its nanocrystalline nature [41, 48] .
Furthermore, the 2D band is suppressed, forming a broad bump, thus implying a lack of spatial uniformity, or that the PyC is laminar in nature [49] . The spectra for PyC films grown under different growth conditions showed little change in the G and D band shape or intensity ratios suggesting the disorder levels and crystallite size were similar. This implies that the growth mechanism in the given temperature range is analogous (see supplementary information, S2).
Additional information was obtained by following the peak fitting procedure outlined by
Vallerot et al. [50] . This entailed the fitting of additional bands associated with nanocrystalline graphitic materials as well as the standard D and G bands. These additional bands are labelled D', I and D''. The D' band is known to occur in defective graphitic systems and manifests as a shoulder on the G band at ~ 1620 cm -1 [47] . The I band has been linked with disorder in the graphitic lattice, sp 2 -sp 3 bonds [51] or the presence of polyenes [52] and is seen at ~ 1180 cm -1 whereas the D'' band is generally thought to stem from the presence of amorphous carbon [53] and is seen at ~ 1500 cm of these films is shown in Figure 6 (a). Traces of O, N and F species are seen. It is likely that these stem from contaminants incorporated during or after the growth process. Deconvolution of the C 1s spectrum is shown in Figure 6 (b). The main peak is asymmetric and centred at 284.14 eV. This has a tail which extends into the higher energy region. This peak is indicative of polyaromatic or graphitic structures with sp 2 hybridisation and delocalised electrons. The asymmetry is associated with metallic systems and gives a good indication of conductivity [54, 55] . The peak was fitted with a Doniac-Sunjic function which best reproduces the asymmetry on the higher energy side [56] . This fitting contains a term which is referred to as the asymmetry factor and gives a measure of the asymmetry observed.
The asymmetry factor can be thought of as a measure of the screening of the core hole which depends on the delocalisation of the valence band. Highly defective (or nanocrystalline) graphitic systems display large asymmetry factors as they have a high density of edges and defect sites which leads to differential charging and the creation of excitonic states [57] . This is a highly porous low dielectric material. It is proposed that a thin layer is formed due to the dissolution of carbon in the SiO 2 substrate. Additional experiments and analysis are required to investigate the formation of this layer further.
Electrical Characterisation
The sheet resistance of PyC films was measured using the four point probe technique. m. Deposition times of 10 minutes and greater gave rise to similar resistivities (see inset on Figure 3 ). For deposition times less than 10 minutes (t < 50 nm) the resistivity was seen to increase suggesting a lack in uniformity for very thin films.
The measured value of for films of thickness > 100 nm is larger than that of in-plane m) [67] . This is in agreement with previous reports on PyC based vias and wires where it has been shown that PyC can carry high current densities [21] without suffering from size effects [22] .
Transmittance Studies
For transparent electrode materials, a combination of high electrical conductivity and high optical transmittance is required. In practice, a combination of 90% transmittance in the visible range and a sheet resistance of < 200 /square is generally thought to be the minimum industry standard [68] . To examine the suitability of different materials for this purpose it is convenient to use a figure of merit given by the ratio of the DC electrical conductivity ( DC )
to the optical conductivity ( op ). The DC electrical conductivity governs the response of electrons to constant applied fields whereas the optical conductivity governs the response of electrons to optical fields. The optical conductivity is related to the absorption coefficient, , by op 2 /Z 0, [69, 70] where Z 0 is the impedance of free space (377 ).
Industry standard transparent conductors require a minimum conductivity ratio value of 35
for top end applications. For films whose transmittance (T) and sheet resistance (R s ) are known the conductivity ratio can be calculated using the equation; Representative absorbance spectra for different deposition times are shown in Figure 8 (a).
These show an increase in absorbance in the visible range with increasing film thickness. A peak in the absorbance is seen in the UV region at ~ 255 nm. This corresponds to an energy of ~4.86 eV. This peak is seen in a wide variety of graphite like materials and is assigned to interband absorption between bands near the M point in the Brillouin zone [71] .
The transmittance at 550 nm was shown to be 93 % for a deposition time of 2 minutes and < 1 % for 15 minutes deposition. Transmission values were compared with the sheet resistances for an extended series of different deposition times as shown in Figure 8 (b). Using
, values in the range 0.8 -1.1 were obtained for the conductivity ratio of PyC films. This value is superior to that of the majority of graphene films produced by liquid phase processing(0.001 -0.7) [72] , or reduced graphene oxide (0.42) [65] but below that of the best reported SWNT networks (13.0) [2] and Ag nanowire networks (500) [73] . However, it is important to note that PyC can be produced very cheaply with high throughput and high reproducibility. Furthermore, conformal coating is possible. These are major advantages over films which are composed of ex-situ produced nano entities such as CNTs and graphene.
Thus for applications which do not require a very low resistivity or a very high optical transmittance, such as electrodes in ICT and energy applications, PyC films may prove to be good competitors.
Electrochemical Characterisation
Electrochemical characterisation of PyC films was carried out using a ferro / ferricyanide redox probe which is commonly used for investigating carbon systems. A Cyclic voltammogram of an as grown film in 1 mM ferro / ferricyanide solution in 1 M KCl at a scan rate of 100 mV/s is shown in Figure 9 (a) (black line). This has a large peak separation (~450 mV) and poorly defined peaks indicative of slow electron transfer.
Improved performance of such electrodes has previously been reported by Keeley et al. through the use of facile O 2 plasma treatments [37] . Similar results were obtained here for O 2 and N 2 plasma treatments and are shown in Figure 9 
Summary
Thin films of PyC were grown on SiO 2 substrates by CVD. The thickness and roughness of these films could be controlled by varying the temperature, pressure and deposition time used. AFM analysis showed that smooth films could be produced (R a 0.5 nm) and Raman spectroscopy verified their nanocrystalline nature. HRTEM analysis indicated that the films were laminar in nature and implied a crystallite size of ~2 nm. XPS spectra had an asymmetric graphitic peak, indicative of good conductivity. Trace contributions from aliphatic species and assorted carbon based functionalities were also seen.
The films grown had a resistivity of ~ 2 × 10 
